In the metallic magnet Nb1−yFe2+y, the low temperature threshold of ferromagnetism can be investigated by varying the Fe excess y within a narrow homogeneity range. We use elastic neutron scattering to track the evolution of magnetic order from Fe-rich, ferromagnetic Nb0.981Fe2.019 to approximately stoichiometric NbFe2, in which we can, for the first time, resolve a long-wavelength spin density wave state. The associated ordering wavevector qSDW =(0,0,lSDW) is found to depend significantly on y and T , staying finite but decreasing as the ferromagnetic state is approached. The results indicate that the interplay between FM and SDW order in NbFe2 is consistent with the theoretically predicted scenario of a hidden ferromagnetic quantum critical point, which is masked by emerging modulated magnetic order. The exploration of ferromagnetic quantum phase transitions in metals has motivated numerous theoretical and experimental studies [1] , which have led to the discovery of non-Fermi liquid states [2, 3] and of unconventional superconductivity (e.g. [4] [5] [6] ). The underlying question, however, whether a ferromagnetic quantum critical point (QCP) can exist in clean band magnets, remains controversial. Fundamental considerations [7] [8] [9] suggest that the ferromagnetic QCP is avoided in clean systems by one of two scenarios: either the transition into the ferromagnetic state becomes discontinuous (first order), or the nature of the low temperature ordered state changes altogether, for instance into nematic or long-wavelength spin density wave (SDW) order [8, 9] The band magnet NbFe 2 is a promising candidate for investigating the SDW scenario in a clean itinerant system, because it is located near the border of ferromagnetism at ambient pressure [15] , enabling multi-probe studies and, in particular, neutron scattering. Ferromagnetic order can be induced at low temperature by growing Fe-rich Nb 1−y Fe 2+y with y as small as 1% ( Figure  1 [16] ). Compton scattering results on the Fe-rich side of the phase diagram have been analyzed by assuming ferrimagnetism as the ground state [17] , but more direct probes of the local fields by Mößbauer spectroscopy point to ferromagnetism as the ground state [18] . The precise low temperature state for y = 0 has remained unidentified since early NMR studies first suggested that stoichiometric NbFe 2 may display low-moment SDW order [19] . Repeated attempts to detect the SDW order in neutron scattering were unsuccessful, but recent results from ESR, µSR, and Mößbauer spectroscopy also point strongly towards SDW order [18] .
The exploration of ferromagnetic quantum phase transitions in metals has motivated numerous theoretical and experimental studies [1] , which have led to the discovery of non-Fermi liquid states [2, 3] and of unconventional superconductivity (e.g. [4] [5] [6] ). The underlying question, however, whether a ferromagnetic quantum critical point (QCP) can exist in clean band magnets, remains controversial. Fundamental considerations [7] [8] [9] suggest that the ferromagnetic QCP is avoided in clean systems by one of two scenarios: either the transition into the ferromagnetic state becomes discontinuous (first order), or the nature of the low temperature ordered state changes altogether, for instance into nematic or long-wavelength spin density wave (SDW) order [8, 9] . Whereas there are many examples for the first scenario, including ZrZn 2 [2] , Ni 3 Al [3] and UGe 2 [4] , the transition into a modulated state on the border of band ferromagnetism has proven to be more challenging to investigate. Recent reports show that this scenario may apply more widely beyond the comparatively simple band ferromagnets for which it was first discussed: (i) the masking of the field-tuned quantum-critical end point of the continuous metamagnetic transition of Sr 3 Ru 2 O 7 by two SDW phases [10] , (ii) the evolution of FM into long-wavelength SDW fluctuations in the heavy-fermion system YbRh 2 Si 2 [11] , which displays a high Wilson ratio [12] and becomes FM under Co-doping [13] and (iii) the emergence at finite temperature of SDW order in the ferromagnetic local moment system PrPtAl [14] .
The band magnet NbFe 2 is a promising candidate for investigating the SDW scenario in a clean itinerant system, because it is located near the border of ferromagnetism at ambient pressure [15] , enabling multi-probe studies and, in particular, neutron scattering. Ferromagnetic order can be induced at low temperature by growing Fe-rich Nb 1−y Fe 2+y with y as small as 1% ( Figure  1 [16] ). Compton scattering results on the Fe-rich side of the phase diagram have been analyzed by assuming ferrimagnetism as the ground state [17] , but more direct probes of the local fields by Mößbauer spectroscopy point to ferromagnetism as the ground state [18] . The precise low temperature state for y = 0 has remained unidentified since early NMR studies first suggested that stoichiometric NbFe 2 may display low-moment SDW order [19] . Repeated attempts to detect the SDW order in neutron scattering were unsuccessful, but recent results from ESR, µSR, and Mößbauer spectroscopy also point strongly towards SDW order [18] .
Here, we present the outcomes of a neutron diffraction study, which for the first time demonstrates unambiguously the existence of a long-wavelength modulated magnetic state (SDW) forming on the border of ferromagnetic order at low temperature in stoichiometric single crystals of NbFe 2 . We track its evolution with temperature and composition and probe the underlying ferromagnetic order. We find that the SDW state indeed displays a very small ordered moment µ s ≈ 0.05 µ B /(Fe atom), which explains why previous neutron scattering experiments failed to detect it. Our data confirms the second order nature of the PM-SDW phase transition and a tempera- [16] . Vertical solid lines indicate the T range of neutron diffraction measurements. Of the two ferromagnetic (FM) phases, the one on the more Ferich side is separated from the paramagnetic (PM) state by a spin-density wave (SDW) at low temperatures, where nonFermi liquid (NFL) behaviour is found as well. The inset shows the relevant reciprocal-space region, which was accessible during the neutron diffraction experiments. Circles show the presence and crosses the absence of SDW peaks. The SDW peak pattern is consistent with moments pointing along the c-axis.
ture hysteresis in the SDW ordering wavevector suggests that the SDW-FM phase transition is first order. The resulting phase diagram and the evolution of the SDW wavevector, which we find decreases on approaching the FM transition, suggest that the occurrence of long wavelength SDW order on the border of FM in NbFe 2 is not coincidental, but rather emerges from the proximity to a FM quantum critical point, which is buried within the SDW dome.
Experimental.-Large single crystals of C14 Laves phase NbFe 2 (lattice constants a = 4.84Å and c = 7.89Å) with compositions chosen across the iron-rich side of the homogeneity range have been grown in a UHV-compatible optical floating zone furnace from polycrystals prepared by induction melting [20] . The single crystals have been characterised extensively by resistivity, susceptibility, and magnetisation measurements, as well as by x-ray diffraction and neutron depolarization [21] [22] [23] , the latter showing homogeneity in structure and chemical composition. In this study, three samples have been measured: (i) sample A, which is almost stoichiometric (y = +0.002); (ii) sample B, which is slightly Fe-rich (y = +0.014); and (iii) sample C, which is more Fe-rich still (y = +0.019) (more information in the Supplement [24] ).
For the neutron scattering experiments the samples were mounted on Al holders and oriented with (h0l) as the horizontal scattering plane. In order to enhance the signal to background ratio neutron diffraction was carried out at two cold triple-axis spectrometers in elastic mode: Panda at the Heinz Maier-Leibnitz Zentrum (MLZ) [25] and 4F2 at the Laboratoire Léon Brillouin (LLB). Panda was run with neutron wavevectors k i = k f = 1.57Å
and 4F2 was used with k i = k f = 1.30Å −1 (more information in the Supplement [24] ).
Results.-The principal discovery of SDW Bragg reflections in the Nb 1−y Fe 2+y system is presented in Fig. 2 , which focuses on the reflection (101)
+ at Q = (1, 0, 1) + q SDW with q SDW = (0, 0, l SDW ). SDW Bragg reflections corresponding to an ordering wavevector q SDW have been confirmed for all samples of this study. l SDW shows a significant y and T dependence, which will be discussed further below. In addition to the data discussed above of the (101) + reflection, the vicinity of nuclear Bragg reflections has been scanned for further SDW satellite peaks. SDW satellite peaks are present at Q = (1, 0, 1) ± q SDW and Q = (1, 0, 2) ± q SDW but they are absent at Q = (1, 0, 0)±q SDW and at Q = (0, 0, l)±q SDW with l = 1, 2, 3 (see inset of Fig. 1 ). This distribution of allowed and forbidden satellite Bragg peaks is consistent with moment orientation along the c-axis, suggesting a lineary polarized SDW state rather than spiral order. Based on AC susceptibility and torque magnetometry data, the c-direction has been determined to be the crystallographic easy-axis independent of the chemical composition [26, 27] .
Magnetic neutron scattering from the FM order has been observed at the position of the weak nuclear Bragg point (102). Fig. 3a shows the T dependence of the intensities of the FM (102) Bragg reflections normalised by the intensities of the nuclear (102) reflections at T C for all three compositions. In the Fe rich Samples B and C, FM order is observed at low temperatures. The measurements of the FM (102) signals (Fig. 3a) reveal onset temperatures at T = 24.5 K in sample B and T = 34.5 K in sample C.
The T dependence of the integrated intensities of the SDW (101)
+ Bragg reflections for all samples is shown in Fig. 3b . The SDW intensities have been normalised by their maximum value obtained in measurement sequences going down in T . In the almost stoichiometric Sample A, SDW satellite peaks emerge below T N = 13 K and are present down to the lowest measured temperature of 1.4 K. In the slightly Fe-rich Sample B SDW satellite peaks appear below T = 32.5 K and are fully suppressed below T = 19 K. Finally, in the most Fe-rich Sample C satellite peaks appear below T = 38 K and are fully suppressed below T = 30.5 K.
In all three samples, the SDW intensity rises continuously below the onset temperature T N , suggesting a second-order PM-SDW transition. The peak SDW intensity coincides exactly with the FM onset temperature T C in samples B and C, and there is a T -range below T C , in which SDW and FM order appear to coexist. This overlap can be attributed to a distribution of transition temperatures within the sample, giving bulk T N = 30.2 K, T C = 21.7 K, (Sample B) and T N = 36.4 K, T C = 32.5 K (Sample C) in good agreement with bulk magnetic response (see Supplemental Material for details of analysis [24] ).
Absolute estimates of the SDW ordered moment by comparing integrated SDW and FM intensities suggest an ordered moment µ s ≈ 0.05 µ B /(Fe atom) (see Supplement [24] ) explaining the difficulties in observing the SDW order in previous neutron diffraction experiments.
The SDW ordering wavevector q SDW = (0, 0, l SDW ) is found to depend significantly on composition and temperature ( Fig. 3c) with l SDW being reduced on approaching FM. The c-axis pitch number shifts from l SDW (T N ) = 0.157 (1) in Sample A to l SDW (T N ) = 0.095(1) in Sample C. Additionally, in Samples B and C l SDW shows a significant T dependence, decreasing by about 20% with decreasing T . Moreover, l SDW (T ) does not go to zero continuously at the SDW-FM transition, but rather changes to zero discontinuously; furthermore, in Samples B and C l SDW (T ) reproducibly displays significant thermal hysteresis, with lower l SDW values when warming into the SDW phase from the FM state. l SDW (T ) therefore points to the first-order nature of the SDW-FM transition.
Discussion.-Our neutron diffraction results finally resolve the SDW state in NbFe 2 : (i) satellite peaks are found at all compositions in the temperature ranges in which bulk signatures of magnetic order had previously been recorded; (ii) the nearly resolution limited SDW Bragg peak widths represent long-range order, in contrast to what would be expected for a spin glass [28] ; (iii) the satellite peaks are typical of incommensurate long-range modulation along the c-axis, with a pitch in the range λ SDW ≈ 50 − 100Å; (iv) the SDW ordered moment is very small, µ s ≈ 0.05 µ B /(Fe atom), and our data is consistent with it being directed along the c-axis. We also find that the ordering wavevector depends on composition and temperature, with a tendency towards longer wavelengths close to the FM transition, and some hysteresis of the ordering wavevector on the SDW side of the SDW-FM transition.
This delicate SDW state occurs in a narrow composition and temperature range attached to the threshold of FM order (Fig. 1) . Because the SDW-FM transition is first order, the emergence of the SDW state masks the FM QCP and buries it inside an SDW dome. The close connection between modulated and uniform magnetic order in NbFe 2 is striking. The small ordered moments, which contrast with the large fluctuating moments µ eff ≈ 1 µ B derived from the temperature dependence of the magnetic susceptibility, and the linearly polarized rather than helical order suggest that the SDW state should be understood within a band picture, not a local moment picture.
Within density functional theory (DFT), the implications of the electronic band structure for magnetic order have been examined in detail. Direct total energy calculations for different ordering patterns [29] [30] [31] suggest that energy differences between a number of magnetic ground states are very small. Moreover, the wavevector dependence of the bare band structure derived susceptibility χ q or Lindhard function [29, 30] is not consistent with the long-wavelength SDW order reported here as it does not feature a significant enhancement towards q SDW , suggesting that SDW order in NbFe 2 has a more subtle origin.
A number of theoretical studies [1, 8, 9, 32] have noted that the FM quantum critical point is unlikely to be observed in clean, 3D ferromagnets, and will instead either be avoided by a change of the magnetic transition from second order to first order or masked by the emergence of long-wavelength SDW. Both scenarios can be attributed to nonanalytic terms in the free energy associated with soft modes. These contribute a singular q-dependence of the form q 2 ln q to χ
and thereby produce an intrinsic tendency towards long-wavelength modulated order as the FM QCP is approached. An alternative approach [33] arrived at similar conclusions by considering the contribution of order parameter fluctuations to the free energy, when different ordered states were imposed, causing differences in the phase space available to critical fluctuations of FM and modulated magnetic order. Helical order in the local moment system PrPtAl [14] has recently been presented as a likely manifestation of this scenario, but a demonstration in a band magnet is still outstanding. In NbFe 2 , the relevance of magnetic fluctuations associated with proximity to FM order can be inferred from the colossal Stoner enhancement factor of the order of 180, the three-fold enhancement of the Sommerfeld coefficient of the heat capacity over values expected within DFT calculations, the resulting Wilson ratio of susceptibility enhancement over heat capacity enhancement of about 60, and the non-Fermi liquid forms of resistivity and low temperature heat capacity observed at low temperature [34] . Finally, the observed dependence of q SDW (Fig. 3c) , which decreases as the FM state is approached, indicates that χ q is strongly modified by order parameter fluctuations on the threshold of FM.
Conclusions.
New neutron data demonstrate that spin density wave (SDW) order emerges near the border of ferromagnetism in the C14 Laves phase system Nb 1−y Fe 2+y , burying an underlying FM QCP. Our results suggest that the SDW order in Nb 1−y Fe 2+y is caused by an intrinsic instability of a ferromagnetic quantum critical point to modulated magnetic order, which has been postulated on the basis of fundamental considerations but has not before been detected in a band magnet.
